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Analysis of Fiber Bragg Gratings for Dispersion
Compensation in Reflective and
Transmissive Geometries

Natalia M. Litchinitser and David B. Pattersomember, IEEE

Abstract—Numerical analysis of the dispersion-compensating compensation via transmission through a uniform grating.
properties of fiber Bragg gratings (FBG's) in both reflective and \While reflective systems have been shown to offer nearly
transmissive modes is presented. First, the sensitivity of chirped, complete compensation, they require insertion of directional

reflective gratings to the grating chirp parameter, index modu- .
lation, and grating length is examined, showing that apodization couplers or circulators to extract the reflected, recompressed

provides lower sensitivity to variations in these parameters. Sec- pulse. Thus these systems introduce typical insertion losses in
ond, we introduce a new transmissive geometry for grating-based the range of 2—6 dB. A more attractive solution would be a

dispersion compensation that utilizes the dispersive properties of {ransmission-based system, in which dispersion-compensating
a uniform Bragg grating in transmission. gratings could be placed in line with the fiber, perhaps written
Index Terms—Compensation, gratings, optical fiber dispersion, during fiber fabrication.

optical pulse compression. In 1990, Ouellette examined the practicality of transmission-
based systems, concluding that only a trivially small amount
I. INTRODUCTION of compensation could be achieved in transmission, as one

would be required to use a pulse bandwidth within the narrow

PTICAL fiber Bragg gratmgs (FBG.S) _hav_e recentlysidelobe minimum of the reflectivity spectrum of the Bragg
been shown to have practical application in compen-

. . . L o ﬁrating [9]. Recently, Eggletort al. have shown that better
sation of dispersion-broadening in long-haul communication, ) . S . L
erformance is possible by apodizing the grating, achieving

While Lam et all. first discussed the use of unchirped grating% . . )
ome degree of pulse recompression with a linearly tapered,

for compensation, a subsequent landmark paper by OuellestnChirped grating [10]. In this paper, we introduce a new

first described the use of chirped reflection gratings to prow?r%dﬁsmission geometry based on propagation through a uni-

frequency-dependent delays for recompression of disperse hiroed B i H | |
pulses [1]-[3]. Subsequently, several groups have develosggn’ unchirpe ragg grating. Here, we employ a puise

systems employing these dispersion compensators, showih ctrum detuned to the sidelobe region of the grating stop-

that gratings of only a few centimeters length are capakﬁg d with a _pul_s € bandyvidth much greater_ than the S_pe_ctral
of nearly full compensation of the dispersion induced b idth of an individual sidelobe of the grating transmission

propagation in hundreds of kilometers of fiber [4]-[7]. Whil unc_tlon. We limit our smgla’_upns to _relatlv_ely weak, shor_t
these experimental groups have used a variety of grati%atlngs an(_j show_thgt S|g_n|f|cant d|spers_,|on compensgtlon
profiles, coupling strengths, and grating lengths, the Iiteratd}.éa{]be achieved Wl',th mgertl?ln Iqssebs rlv?jllng those Obta'ﬁd
is currently lacking a complete analysis of the optimizatioly the more complicated reflection-based structures. While
of the grating parameters and sensitivity of the degree Bf" constraints on grating parameters do not allqw for the
compensation on these parameters, although some limijimization of dispersion compensation, these issues are
optimization work has been reported [8]. As a primary purpos dressed in a subsequent paper found elsewhere in this

of the present paper, we provide a complete set of optimizatith?4® [11]; ) . ) , i
curves for a typical reflective grating parameters, including W& begin with a brief review of the reflective Bragg grating

discussion of a tapered profile for decreased sensitivity $§OMetry, using the theoretical techniques of Kogelnik to
grating imperfections. We also find good agreement with tiieVelop the reflectivity relations for the chirped grating [12].
predicted optimization conditions of [2]. Wg then perform a sequence of tyvo-parameter qptlmlzgtlons,
As a secondary purpose of our paper, we shall revisitUging the recompressed pulse width and intensity as figures
previously discarded geometry for grating-induced dispersi@h merit for the grating geometry. We analyze the effects
of chirp parameter, coupling strength, interaction length, and
Manuscript received October 30, 1996; revised May 5, 1997. This wolodization on these measures, establishing regions of best
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14627 USA. o _ o tion by reducing sensitivity to the grating coupling coefficient.
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Implicit is the assumption that the grating also contains a
“’ N> Chirped Bragg linearly chirped phase function(z) = (£/2)(2?/L2) where
i Orating parametert” is a measure of the amount of the chirp aigd
~

) is the length of the grating. We solve for the reflected pulse
-~ Circulator or . g . . .
“ Directional Goupler width, defining the figures of merit for the grating performance
to be pulse compression ratiq /7> (wherer; is the pulse
(@) width before its passing through the grating, andis that
) after the grating), and peak reflected intensity, limited by the
Uniform . . .
Bragg Grating input transform-limited pulse to 3.6 and 1, respectively.
“> N ; - We _begin vv_ith the Riccati (_Jlifferential__equz_ition for the
T reflection coefficient as a function of position in the grating
() [12]
Fig. 1. Schematic system model to investigate dispersion compensation with . .
the fiber Bragg grating in (a) reflective geometry and in (b) transmission p= J(26 — ¢/)P +jrn(l+ PQ) 3)

geometry.

where the prime denotes differentiation with respect to position
providing a degree of dispersion compensation that far exceedglong the grating, where is normalized to the grating
the prediction of [9]. We consider a 40-ps full-width at halfengthL,; this makes the solution dimensionless and scalable.
maximum (FWHM) Gaussian pulse at 1.58n wavelength, The term é represents the dimensionless detuning of the
chirped by propagation through a 100-km length of fibepropagation constant from the resonant propagation constant
that is incident on a uniform Bragg grating. By detuning théor the grating,3oL,, while x represents the dimensionless
center frequency of the dispersion broadened pulse from geupling coefficient,xL,. The differential equation is then
resonant frequency of the grating, a combination of gratingelved over the dimensionless rangé¢ < 0.5.
induced dispersion and pulse truncation leads to recompressiokollowing the approach of [12], (3) must be solved nu-
by factors of 2.4, with over 40% of the peak intensity of thenerically in the case of the linear chirp function defined

undispersed pulse transmitted through the grating. above. We solve for the reflection coefficient spectrum us-
ing the Runge—Kutta technique, and the reflected pulse is
Il. REFLECTIVE BRAGG GRATING COMPENSATORS reconstructed from its frequency components, with the peak

The theoretical model used to investigate dispersion cofftensity and pulse FWHM Qetermmed.. .
pensation with the fiber Bragg grating is shown in Fig. 1(a). We performed the analy§|§ under variations of the. param-
The chirped 144 ps (FWHM) pulse is obtained by simulatinrgterSF’ LE_” r, and 4, by fixing one of the three \{arlables
the transmission of a 40 ps (FWHM) pulse through 100 k nd mapping the results of the (_)ther two. (The_ flxeql value
of fiber with a dispersion paramete?3/dw? of —20 pg/km was determined to be near optimum through iterations of

at a wavelength of 1.5xm, followed by a linearly chirped Fhe tephnique.) In Fig. 2, we plot the cor_npression and the
intensity contours as functions of the grating lendth and

Bra rating for which the grating parameters are varied. . . . ;
99 9 9 g gp Hée paramete¥’/L,, with the coupling coefficient: fixed at

Consider a waveguide propagating a single mode in t 1 i ) i
forward and backward direction and suppose that a sinusoidd} /o cm . By varying L, and /L, we simulate a single

refractive index perturbation is induced in the waveguide
the form

irped phase mask which is exposed over various lengths
to form the grating; thus, the range variation of the resonant
spatial frequency is changed. (A plot with varyirig and
n(z) = no + An(z) cos [Kz + ¢(2)] 1) L, would be equivalent to examining different phase masks
where the refractive index perturbatiain(z) and the phase that spanned the same spatial frequency range despite their
shift ¢(z) are slowly varying functions of. The grating spatial different lengths, i.e., the physical chirp of the mask must be
frequencyK = 2r /A satisfies the Bragg conditioR’ = 23, changed each time.) . _ .
where 3, is the propagation constant of the waveguide mode From Fig. 2, we observe regions where the grating provides
and A is the grating period. r)ez_irly perfect comp_ensat!on,_ a_pproachlng the compression
The coupling induced between these modes by the griifit of 3.60 and the intensity limit of 1.00. We may compare
ing function may be described by the well-known coupledlis result with the predicted optimal values of [2]. Here
mode equations [2]. Here, we follow the development of [13{1€ chirped grating was modeled as a continuum of point
solving numerically for the reflection coefficient using th&eflectors, each reflecting the resonant optical wavelength cor-
Runge—Kutta method. responding to twice the local grating period. This simple model
We assume that the Bragg grating introduces a coupliR§educes frequency-dependent time delays in the reflected

coefficient between counterpropagating modes with amplituBE!Se, and thus provides dispersion compensation. Using this
variation argument, the relationship between chirp paramdteand

rating lengthL, is found to be [2
#(z) = Ko exp {—Az?} 9 9 1engiy 12

2
wherex is a constant normalized coupling coefficient afd 12="°¢ ﬁQLfF

provides a Gaussian taper over the gratin@.6 < z < 0.5). 7 4ng

(4)
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Fig. 2. The peak intensity and compression ratio as functions of the grating e

length Ly fﬁ‘ld the parametet’/ L.y, with the coupling coefficient fixed at  rig 3. The peak intensity and compression ratio as functions of the chirp
0.675r cm™-. parameterF/ L, and the coupling-length productL,/x, with the grating
length L, fixed at 4 cm.

wherec is the speed of lightl, = d?3/dw? is the dispersion

parameter and.; is the length of the dispersive fiber, and D0 &0
is the effective index of the fiber mode. B

Using this model, (4) predicts a slope of the optimum region D0 66073 n
in the L, versusF'/ L, graph to be 0.212 cfnFrom the graph, e .
we see a slope of 0.217 émshowing good agreement with =l
Ouellette’s theoretical analysis [2]. B0 380 85 -

In Fig. 3, we fix the grating lengtli,, = 4 cm and plot the W03i-038 0 R 2 AN w4 1

compression and intensity contours versus the chirp parameter
F/L, and the coupling-length product.L, /7. We see that
the results are most sensitive to the chirp parameter. For | paasass
moderate coupling strengths, the optimum compression occurs = Di&lis
at a constant value df/L,; however, as the coupling strength g;i::;f!
is increased, the optimum region tends to move toward regions g a1
of greater chirp. This result also shows that the compensator = @514
performance will degrade with large overcoupling for a fixed .:.]ﬁ
chlrp_ parameter._ . _ _ :Eau_;-::
This degradation may be eliminated by introducing a ta-
per into the grating. It is well known that apodization 0]c:ig. 4. The peak intensity and compression ratio as functions of the cou-
Bragg gratings eliminates sidelobes in the reflectance spemng-length product:L,/x and the taper parametet with a fixed chirp
trum and in the grating dispersion function [2]. Howevemarameter off” = 267 and the grating lengttf., = 4 cm.
the results of Fig. 4 illustrate another use of the tapered
grating—maintaining optimum performance for overcoupledpodized grating withA = 3.0. It is clear that the optimum
gratings. Here, we used a 4-cm grating with a fixed chigompression and intensity of the reflected pulse remain at a
parameter ofF' = 26x, and adjust the Gaussian taper pafixed chirp parameter as the coupling strength is increased.
rameterA of (2) and the coupling coefficient. We observe We also note that cross-sectional curves for fixed taper will be
that the compression and the peak intensity remain in tfiat in this case, with little sensitivity to variations in coupling
optimum region as the coupling strength is increased (@efficient .
fixed F), contrary to the results of Fig. 3 for an untapered The implications of this result should be of importance to
grating. We also note that the maximum value obtained in tigeating compensator designers. Since refractive index mod-
intensity plot is increased, indicating better performance ofation depth is a function of the exposure time in basic
the compensator. Hence, the tapered grating will perform wédbrication techniques, the obtained results suggest that ef-
over a broad range of coupling strengths and will lead to bettiggient recompression may be obtained over a wide range
reconstruction of the original pulse. The former conclusion &f grating exposure conditions by introducing an appropriate
illustrated in Fig. 5, which is the equivalent of Fig. 3 for artaper.
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angular frequency g, and lengthL,. Coupled-mode theory

provides the result for amplitude transmission in the frequency
[ll. UNIFORM TRANSMISSION GRATINGS domain [9]

We now consider the transmission through a uniform, g _ . s
unchirped grating. As we stated in Section |, all analyses Bow(w) = V2mm exp { Jd)(i} §Xp2{ J.¢lw}
of this type of grating to date have assumed that the spectral il eXp{_iwn(T +ifLr)}
width of the optical pulse must lie within a side peak of v eos(yLy) —j— (w+ Q) sin(vLy)
the transmission curve for such a grating or that the sidelobe ¢
structure must be smoothed by apodization [9], [10]. Howevé¥here

9)

as we show in this section, far better performance is obtained $o = PoLys + nLy2
using a broad spectrum, allowing partial reflection of the ¢
pulse by the grating. b1 =PLs+ nly

Our system model is that of Fig. 1(b), where we now ¢
consider a uniform (unchirped) grating and examine the trans- [ 2 )
mitted field. Again, we assume that a Gaussian pulse is = [_ WJFQ)} -

launched into a lengtlL; of fiber with propagation constant
o, group velocityl/3;, and dispersion parametgh, such
that the propagation constant is approximated by

and we have definef = wg — wp to be the detuning of
the central optical frequency from the resonant frequency
and redefinedv to be the deviation from the center optical

= - 1 — wn)2 frequency ¢ — wg — w).
Pw) = ot Pl = wo) 5w = wo)”. ©) We observe that all dispersion information is contained
The input electric field has the form in the last term of (9), as the group velocity dispersion
9 arises from the second frequency derivative of the phase. In
Ein(t) = exp {_1(1) } (6) Fig. 6, we plot the grating transmission magnitude and the
2\ 70 input pulse spectrum for a typical near-optimum case. The

chanism for pulse compression may be seen in the second
ve of Fig. 6 where we plot the phagé)) for the incident
dispersion-broadened pulse and for the transmitted field using
(9). We see that the grating performs two functions. First,
the strong dispersion of the grating tends to flatten the phase
curvature over a region of maximum transmission. Second,
some truncation of the pulse occurs at frequencies where the
Ef (W) =v2r79 exp{—3jfoLs} exp{—jpLs(w—wo)}  grating dispersion would add to the fiber dispersion.
x exp {=1(r2 + jfaLs)(w — wo)2}. @8) _Agam,_ we have performe_d two-parameter optimizations for
this grating geometry, varying the detuning paraméiethe
We next transmit the broadened pulse through a uniforgnating coupling strengttx, and the grating lengtiL,. In
Bragg grating with coupling coefficient, Bragg resonant Fig. 7, we fix x = 0.197cm~! and plot the compression

After propagation through the fiber, the pulse is broaden%qger
and chirped, with a width

r = x4 (L ™
70

and a frequency-domain representation of
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Fig. 7. The peak intensity and compression ratio as functions of the detunfi§- 8- The peak intensity and compression ratio as functions of the detuning
AX and the length of the gratind.,, with a fixed coupling coefficient &4 and the coupling strength, with the grating lengtil. , fixed at 14 cm.
x = 0.197 cm~1.

(r1/m2) and peak intensity versu§} and L,. (Note that 004045 En.m
compression is again defined as FWHM ratio.) We observe 03504 =
peak compressions exceeding 2.4, with intensity transmission -0 . s 3
of approximately 0.44 (compared with the dispersed pulse .03 ST Foom
intensity of 0.28, normalized to the initial, undispersed pulse.) 0 S

We see a periodicity with grating length, and although = He=EEEsE 0.047
compression does not appear to be strongly sensitive to TAE l-'_r: fm” 1315
detuning, the pulse intensity improves with detuning. The com- '
pression data may be misleading, however, as zero detuning 33045
indicates that the central frequencies of the pulse are mostly (1 0.05.5.5
reflected by the grating, so the transmitted intensity is small. 17195 <y
The curve shows the general tendency that longer grating Q14517 o
lengths and large detuning (in the regions shown) provide best W= A3 1
performance. Increasing detuning much beyond the interval il
shown will reduce the compression toward unity, however.

Fig. 8 shows the dependence of our measures on coupling I 3 5 7 9 11 1315
strength and detuning for fixed grating length (14 cm). We see Lg.cm

fr" much strqnger PeF'Od'C'tY wit, and "f‘gam the intensity Fig. 9. The peak intensity and compression ratio as functions of the grating
increases with detuning, while compression does not appeareigth L, and the coupling strength, with a fixed detuning of 0.05 nm.
depend strongly on detuning. Pulse shape is the best indicator

for desired operating conditions. Although the pulse Sha%%d intensity 0.421. Plots of the transmitted pulses in these
cannot be well quantified for display on this type of graph e

. ; ases are shown in Fig. 10, along with the input dispersed
we observe general improvement (e.g., lower sidelobe levels

; o : . pulse. We observe that the shapeis slightly better, with

more Gaussian shape) with increasing coupling strength. . : :

For completeness, we have included Fig. 9, which useslogver sidelobe levels and improved compression.
fixed detuning of 0.05 nm, plotting compression and intensity
versusk and L,. Here regions of optimum performance are IV. CONCLUSIONS
quite clear, with periodicity observed i) as we might expect. We conclude with a brief summary of the significance of
We see that the dependence by is weak upon reaching aour results. First, we have performed an extensive optimiza-
threshold length around 10 cm. tion/sensitivity analysis for chirped, reflective Bragg grating

In Fig. 9, we have labeled two regions of optimum perdispersion compensators. Our results for optimum performance
formance on subsequent peaks. Poiit with parameters agree well with the distributed reflection analysis of [2]. Our
(s = 0.314 cm™! and L, = 10 cm), achieves compressiorresults also show that nearly perfect compensation (in our
of 2.16 and intensity of 0.416. Poit® has parameters:(= case, compression of 3.60) is achievable with these reflective
0.565 cm~! and L, = 15 cm), achieving compression of 2.4%ystems. We have also shown that the tapered grating allows
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trailing structure in the transmitted pulse is indicative of the
presence of cubic and higher order dispersion in the grating
transmission spectrum in the sidelobe region of the reflection
peak. As we show in a second paper in this issue, complete
compensation may be obtained by employing much stronger
coupling coefficients and longer grating lengths [11].
Transmission-based compensators have several potential
advantages over the reflective systems. The gratings could
be written in-line during fabrication of the fiber itself. In
addition, the insertion loss of about 4 dB in our example
compares relatively well with the reflective systems; with
optimized grating systems, this loss can be reduced to fractions
of a decibel. In reflective systems, directional couplers or
optical circulators must be employed in a two-pass geometry,
introducing insertion losses on the order of 6 dB or 2-3
dB, respectively, and increasing the cost per compensator
significantly. Thus, the transmission-based system may be a

0.50
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OOO T T T
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(@)
0.50 |
[1]
E 2
(£ 0.25 ]
LL
- [4]
Z
0.00 '

(5]

-200 200 600 1000
TIME, ps

(b)
Fig. 10. The transmitted pulse profiles for grating parameters (a}m
(« = 0314 o', Ly = 10 cm, and AN = 0.05 nm) and (b)
(« = 0.565 cm™!, L, = 15 cm, andAX = 0.05 nm), along with the
dispersion-broadened pulse profile.

(6]

(8]

reduced sensitivity of compensator performance to variations
in coupling strength. This has relevance to point-by-poin{g]
grating fabrication systems, where writing-beam intensity vari-

ations may induce local changes in coupling coefficienin  [10]
addition, the index-lowering effects of annealing hydrogerm]
loaded fiber gratings will have greater effect on untapered

gratings than on tapered gratings.

Second, we have introduced a new transmission geomeyy|
for grating compensators using weak, uniform gratings of
only moderate lengths. By detuning the uniform grating center
frequency with respect to the center frequency of the optical
pulse, pulse compression ratios of over 2.4 have been obtain
in the examples shown, with peak intensities of exceeding 0.4.

For the parameter ranges considered in our example, com-
plete compensation was not achievable, largely due to the

viable, low-cost alternative to reflective systems.
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